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During the optimization of the parameters of the
hydrogenation process, the temperature was varied between
300°C and 800°C, and the reaction time was varied between 1
hour and 4 hours. The established optimum conditions for
the hydrogenation of titanium sponge involve heating for 2
hours at a temperature of 600°C in a flow of about 1572 ml/
min hydrogen through the sponge in a tube furnace.

Milling of the hydrogenated material

The hydrogenated material was milled in order to get a fine
powder of a particle size range of 100 um to 1 um. In the
initial experiments, a RETSCH planetary mill (PM 100 model)
filled with hardened 10 mm steel balls was used. The filling
of TiH, into and subsequent sealing of a milling jar was
conducted in an argon-filled glove box. The atmosphere in
the glove box was maintained at an oxygen level of less than
5%.

The sealed milling jar was placed in a planetary mill as
shown in Figure 3. The process involves milling a 50 g
particulate TiH; in a mill operating at optimal speed and filled
with 100 x 10 mm steel balls.

For the optimization of the milling conditions, the milling
time was varied between 5 and 30 minutes, and the mill
rotation speed was varied between 300 and 500 rpm. The
established optimum operating conditions of the planetary
mill involve milling a 50 g particulate TiH, with 100 x 10 mm
steel balls, running at 500 rpm for 10 minutes (reverse
rotation switched on—stops after first 5 minutes for a minute
and changes direction of rotation for the last 5 minutes). The
optimum ball-to-powder ratio was 8.34.

A roller (tumbling) ball mill, designed and fabricated by
Mintek, was also used to mill the TiH,. A photographic
representation of the roller mill is shown in Figure 4 (a and
b). In this experiment, the roller mill jar containing 540 x 10
mm and 60 x 20 mm hardened steel balls and filled with 500
g of TiH, was purged with argon for about 15 minutes to
remove the traces of oxygen prior to the milling process. The
mill was run at an optimal speed of 71 rpm (75% critical
speed) at various time periods.

The established optimum conditions for this larger-scale
milling involved milling 500 g of TiH,, with 540 x 10 mm and
60 x 20 mm hardened steel balls, running at 71 rpm (75%
critical speed) for 10 minutes. The optimum ball-to-powder
ratio was 8.49.

Figure 3—Sealed milling jar in a RETSCH planetary mill

» 206 MARGCH 2011 VOLUME 111

Dehydrogenation of the TiH, powders

The TiH, powders after milling with planetary and roller mills
were dehydrogenated to get the respective final titanium
powders. The milling jar of the planetary mill was removed
and discharged in a sample container within the glove box
purged with argon to ensure an environment oxygen level of
below 5%. In this process, the jar was opened and the powder
was cautiously (avoiding creating sparks) transferred into a
labelled sample container using antistatic brushes. The
sample was fed from the container into a retort outside the
glove box (because the retort could not fit into the glove
box). The retort was then sealed to ensure minimal exposure
to atmospheric oxygen. The sealed retort connected to a
vacuum pump system was placed in a muffle furnace.

In the case of the roller mill, the powder was directly
transferred into the retort, as shown in Figure 5. The
arrangement allows for milling of the material under a
protective argon atmosphere, followed by transferring
between the mill and the HDH retort while fully sealed in
argon. As in the case of the planetary mill, the sealed retort
was placed in a muffle furnace.

(a)

Figure 4—Photographic representation of Mintek’s roller mill—(a) mill
drum on the two driving rolls, (b) discharge frame
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Figure 5—Graphic design of a manufactured roller mill closed system

For the optimization of the parameters for the de-
hydrogenation of TiH,, the residence time at the set temper-
atures of the furnace was varied between 1 and 36 hours.
The established optimum conditions for the dehydrogenation
process involve heating the sample in a muffle furnace at
700°C, under vacuum (below 800 PA) for 36 hours.

At the end of the set dehydrogenation period the system
was cooled down to room temperature while under vacuum.
The pure titanium powder was then cautiously removed from
the retort and weighed. It was then stored in the glove box.
The respective sub samples of the planetary and roller mill
powders were analysed by XRD and SEM to assess the
quality of the final powders.

Results and discussions

In the interests of brevity, only results of the optimum
conditions are reported here.

Bulk chemical analysis

The results of chemical compositions of the titanium powder
samples produced by the HDH process at Mintek are given in
Table I1I. The hydrogen content of 3.50% in the hydrogenated
titanium sponge was achieved; this indicates that the
hydrogenation process was very effective as hydrogen
content falls within the literature range.

As shown in Table I1I, the content of carbon in Mintek’s
titanium powder is higher than in commercially available
powders (Table I). The source of carbon in the process is not
known as its content in the starting sponge was lower than in
commercial powders (Table II). However, the contents of
other elements in this titanium powder meet the specifi-
cations.

Therefore, upon solving the carbon setback, the produced
powder may find various applications, including in the
manufacturing of linings and airplane parts.

Particle size distribution

The statistical analyses of the PSD of the planetary and roller
milled titanium hydride are given in Table IV. The mean
diameter of the titanium hydride powder, D [4,3], is 27.74
and 41.84 um for the planetary mill and roller mill, respec-
tively. These statistical results show that the planetary mill
produces a finer powder than the roller mill. The ball-to-
powder ratio of the planetary mill is 8.34 which is slightly
lower than that of the roller mill which is 8.49. There is a
slight difference in the ball-to-powder ratios of the planetary
and roller mills.

That the particle size of the planetary milled powder is
relatively small may primarily be attributed to the higher
energy intensity used by the planetary mill (milling of a
relatively smaller sample at a relatively high speed using
small size diameter steel balls). However, both planetary and
roller mills proved effective in the size reduction of TiH, for
use in powder metallurgy.

Table IV
Safety . .
Summary of the statistical analysis of the PSD for
When planetary milled TiH, powder was transferred inside the milled titanium hydride by planetary mill roller
the glove box while the oxygen content was around 8%, mills
sparks were observed and the material became gradually red. Planetary mill Roller mill
The small fire was covered with silica sand and was easily
extinguished. Hence, it was decided that the treatment of fine Do ol BN PN
. . . 50 B .
TiH, and pure titanium be conducted at oxygen levels below Dao, pm 61.96 1021
5% whenever possible.
Table Il
Chemical composition of the titanium powder produced by HDH process at Mintek
Mg (%) Fe (%) H (%) C (%) N (ppm) 0 (ppm) Cl (ppm)
TiH, - - 3.50 - - - -
Ti powder 0.06 0.44 0.01 0.99 7.05 110 <50
Note: <50 ppm: the analyte concentration could not be accurately quantified as it is below its Limit of Detection (50 ppm)
‘~‘: analysis was not conducted
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Microstructural characterization

This section of the report gives a summary of XRD and SEM
results of various titanium samples. The products of the
current work are compared to the available commercial
materials.

X-ray diffraction

The results of the phase composition of titanium hydride after
milling are given in Figure 6. The diffractogram of the powder
shows that the sample after milling consisted only of titanium
hydride phase.

The diffractograms of dehydrogenated titanium hydride
powders milled by planetary and roller mills are given in
Figure 7 (a and b). Fine titanium powder is highly reactive,
and may easily react with oxygen and nitrogen in the
atmosphere. The evidence of oxygenated and nitrogenized
titanium in Figure 7 might be a consequence of this high
reactivity of titanium. The chemical analysis results do not
show any significant oxygen and nitrogen contents in the
dehydrogenated powder. So it is believed that the oxygen
contamination is not inherent to the process, but on the XRD

subsamples. Oxygen has a detrimental effect on the tensile
ductility, fatigue strength, and stress corrosion in commercial
pure titanium and various titanium alloys. Thus such
contamination should be minimized.

Scanning electron microscopy

Figure 8 shows the scanning electron micrographs of
commercially available and Mintek produced titanium hydride
powders. There is a clear similarity in shape between these
powders. The hydrogenated sponge particles show some
angularity (which is needed in the metallurgical consol
idation work), which indicates that it is more brittle. Flat
cleavage facets are evident on the hydride particles from the
two producers.

The SEM micrographs of the planetary and roller milled
titanium hydride are shown in Figure 9. The micrographs
show that both powders are angular in shape.

The angularity in the hydrogenated powders is
transferred to the subsequent dehydrogenated powders, as
shown in Figure 10. The planetary and roller milled powders
are comparable to the commercial powder in terms of
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Figure 6—X-ray diffractogram of the milled hydrogenated titanium sponge
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Figure 7—X-ray diffractograms of the, (a) planetary milled titanium powder and (b) roller milled titanium powder
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Figure 7 (continued)—X-ray diffractograms of the, (a) planetary milled titanium powder and (b) roller milled titanium powder

Figure 8—SEM micrograph of TiH, powder produced at (a) AG Materials Inc. [website: http://www.agmaterials.com/products/titaniumhydride.html], and
(b) Mintek

Figure 9—SEM micrographs of milled titanium hydride by (a) planetary mill, and (b) roller mill

angularity. However, the morphology of the particles of the Comparison of planetary and roller mills
planetary milled powder appears to be more irregular than
the very angular shapes of the uncrushed titanium hydride.
However, on closer inspection, it is evident that this is caused
by the adhesion of very fine angular particles on the surfaces

A comparison of the suitability of the two types of milling
technology for the production of titanium powder for
metallurgical consolidations was conducted. The planetary

of larger particles, or by the agglomeration of fine particles. mill has shown great capability for the production of titanium

The adhesion of fine particles could be due to high vacuum powder for metallurgical consolidations. However, the direct

and high temperature operations during dehydrogenation. milling costs largely depend on the capacity of the mill. The
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———— 100 pm ———

Mintek

Figure 10—SEM micrograph of the, (a) commercial titanium powder, (b) planetary milled titanium powder and (c) roller milled titanium powder

planetary mill is a laboratory-scale piece of equipment. It
would be relatively costly to increase the capacity of this mill.
The energy consumption in this kind of milling is relatively
high.

As opposed to the planetary mill, it is much easier to scale
up the roller mill, thus reducing the running cost. At similar
operational times, the unit milling cost of TiH, by the
planetary mill would be about six times that of the roller mill.
One of the major contributors to the cost of the planetary mill
is the high electrical power consumption.

Conclusion

Laboratory-scale tests were conducted to produce titanium
powder by HDH process. The hydrogenation and dehydro-
genation stages of the process were optimized. Two ball
milling technologies namely the planetary and roller mills
were evaluated for the TiH, particle size reduction to produce
a suitable titanium powder. Both planetary and roller mills
produced sufficiently fine titanium powder with mean
diameters, D[4,3] of 27.74 um and 41.84 pm, respectively.
The powder particles were angular in shape and there was no
evidence of detrimental coating. However, the planetary mill
powder may only be produced at laboratory-scale at relatively
high costs. Conversely, roller mill may easily be scaled up to
produce a significant amount of powder.

The chemical analysis results showed that the elemental
contents of the produced titanium powder matched the
specifications of commercial titanium powder, except for the
high carbon content. Nevertheless, the powder has been
tested in mechanical alloying and has been found suitable for
making powder metallurgical compacts.
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